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Abstract 
High temporal resolution temperature measurements were analysed for 5 neighbouring lakes in the English Lake 
District to assess how the diel range in epilimnetic temperature varied among the lakes. These lakes experience the 
same climate but differ morphometrically, allowing lake-specific drivers of diel variability to be determined. The 
magnitude of the diel temperature cycle was calculated as the difference between the measured maximum and 
minimum daily epilimnetic temperature. Our analysis demonstrated that the magnitude of the diel temperature cycle 
was primarily influenced by the depth of the upper mixed layer. The magnitude of the diel temperature cycle was 
lowest for the largest lake, Windermere South Basin, which varied by approximately half that of the smallest lake, 
Blelham Tarn. A significant correlation between the diel temperature range and lake area was observed in the summer 
months caused by the larger lakes typically experiencing higher wind speeds, which in turn lead to greater mixing 
depths and thus to a lower diel temperature range. Water temperature has a major effect on lake biology and biogeo-
chemistry, so it is important to recognise its variability in different lake types.
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Introduction
Epilimnetic temperature is a key variable in any lacustrine 
system. It is influenced by a number of meteorological 
factors such as air temperature, incident short-wave 
radiation, relative humidity, and wind speed, as well as 
lake morphology (Edmundson and Mazumder 2002) and 
the surrounding topography (France 1997). Epilimnetic 
temperature is the primary physical response of a lake to 
the climate (Livingstone et al. 2005) and plays an 
important role in several physical processes within lakes, 
such as the onset, duration, and breakdown of thermal 
stratification. These, in turn, influence the role of lakes in 
the global carbon cycle by affecting metabolism (Staehr 
et al. 2010) and the flux of gases between the lake and 
the atmosphere (Coloso et al. 2011). Similarly, epilimnetic 
temperature directly affects several chemical and 
biological processes, including the solubility of dissolved 
oxygen (Kumar 2003), species distribution (Magnuson 
et al. 1979), and the growth rates of phytoplankton (Staehr 
and Sand-Jensen 2006) and fish (Christie and Regier 
1988). Temperature measurements can also be used to 
understand wind-related upwelling events (Mortimer 
1952), surface water transport patterns (Strub and Powell 
1986), and aid in improving numerical weather prediction 
models at regional scales (Rooney and Jones 2010).
Recent investigations have demonstrated that 
epilimnetic temperature can respond coherently to climate 
forcing (e.g., Benson et al. 2000, Livingstone and Dokulil 
2001) or large-scale processes such as the position of the 
jet stream (Strong and Maberly 2011), thus allowing 
epilimnetic temperature to be modelled empirically from 
frequently measured meteorological variables. Of the 
main meteorological variables, air temperature is the most 
spatially coherent (Jones et al. 1997), and, despite the 
apparent weakness of the direct causal connection, strong 
links have been established between air temperature and 
epilimnetic temperature (Kettle et al. 2004) at both short 
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and long timescales (McCombie 1959, Livingstone and 
Lotter 1998). 
Until recently, most studies of coherence in 
epilimnetic temperature have used routine monitoring 
data, at best monthly (e.g., Benson et al. 2000) or weekly 
(e.g., George et al. 2000) resolution. Although sufficient 
to identify seasonal patterns (e.g., Winder and Cloern 
2010), low temporal resolution data cannot be used to 
gain information on the processes driving many key 
aspects of lake function, where the ecosystem can be 
altered by short-term, meteorologically driven physical 
disturbances (e.g., Maberly 1996). With the recent devel-
opments in aquatic sensor technology (Porter et al. 
2009), however, high-resolution temperature measure-
ments are now common, and the use of high-resolution 
data to examine coherence in lake temperature has begun 
(Livingstone and Kernan 2009, Livingstone et al. 2010). 
As yet, however, coherence on diel timescales has not 
been investigated. A precursor to studying diel coherence 
is to understand the influence of morphometry on diel 
variability.
The variability in lake temperature at diel timescales 
is a well-understood phenomenon, both experimentally 
and theoretically (Imberger 1985, Spigel et al. 1986). Less 
is known, however, on how the diel variability varies 
among lakes and how lake morphology may influence its 
magnitude. The magnitude of the diel temperature cycle 
has been shown, for example, to be influenced by the 
depth of the upper mixed layer and the amount of heating 
or cooling taking place over 24 hours (Woolway et al. 
2014). These factors have been shown to influence many 
aspects of lake ecology, including influencing benthic 
communities in near-shore regions (Finlay et al. 2001), 
affecting the structure of the food web by altering species 
morbidity and water column productivity and affecting 
productivity and growth rates of zooplankton and fish 
(Cox and Coutant 1981). 
In this study we compared the diel variability in high-
resolution epilimnetic temperature measurements from 5 
lakes in the English Lake District that vary in surface area, 
mean and maximum depth, and mixing status. Four of the 
5 lakes (Blelham Tarn, Esthwaite Water, Loweswater, and 
Windermere South Basin) are typically monomictic and 
one is polymictic (Bassenthwaite Lake). These lakes are 
among the best-studied in the world (Talling 1999), with 
seminal work on the response of different aspects of lake 
structure and function to temperature (e.g., Frempong 
1983, Reynolds 1984, Butterwick et al. 2005). Responses 
of phytoplankton to temperature have been incorporated 
into process-based models to forecast phytoplankton 
dynamics (Elliott et al. 2010), and temperature responses 
of phytoplankton have recently been reviewed by Talling 
(2012).
Study sites
Our study sites encompassed 5 lakes situated in the 
English Lake District, UK, ranging in surface area from 
0.1 to 6.7 km2 and maximum depths from 14.5 to 42.0 m 
(Table 1). The lakes are monitored by the Centre for 
Ecology & Hydrology, and 4 of the 5 lakes are part of 
the United Kingdom Lake Ecological Observatory 
Network (UKLEON). Bathymetric data for Blelham Tarn, 
Bassenthwaite Lake, Loweswater, and Windermere South 
Basin were taken from Ramsbottom (1976) and for 
Esthwaite Water from Mackay et al. (2012).
Methods
Water temperature profiles were recorded by an Automatic 
Water Quality Monitoring Station (AWQMS) located at 
the deepest point on each lake with 12 stainless-steel 
sheathed platinum resistance thermometers accurate to 
within 0.1 °C. Epilimnetic temperature measurements 
were measured ~1 m below the water surface. Meteoro-
logical conditions above the lake were also recorded by 
the AWQMS with varying degrees of accuracy. Specifi-
cally, relative humidity was measured with an accuracy 
of ±3%; wind speed was measured with an accuracy of 
1% for wind speeds >10.3 m s−1 and an accuracy of up to 
0.1 m s−1 for wind speeds <10.3 m s−1; air temperature had 
a relative accuracy of ±0.35 °C; and incoming short-wave 
radiation was measured with a relative accuracy of 5% 
(for height of each of the meteorological measurements 
see Table 1). Data were recorded using a Campbell 
Scientific CR10X data logger at 4-minute intervals, except 
from Esthwaite Water where meteorological conditions 
were recorded at 2-minute intervals. Hourly averages were 
computed from the high-resolution data. The magnitude 
of the diel temperature range was determined as the 
difference between the maximum and minimum daily 
temperature measurements. 
Heating of the upper mixed layer
The amount of surface heating, which influences the 
upper mixed layer, Qzmix, was estimated as Qzmix = Qtot − 
[R0e (−Kd × zmix)], where Qtot is the sum of surface fluxes 
(W m−2); R0e (−Kd × zmix) expresses the amount of energy that 
reaches the base of the upper mixed layer according to 
Beer’s law, where R0 is the visible component of 
short-wave radiation commonly referred to as the 
photosynthetically active radiation (PAR); Kd is the 
vertical attenuation coefficient for PAR (m−1); and zmix is 
the depth of the upper mixed layer (m). The depth of 
the upper mixed layer was defined as the first depth where 
the temperature difference was estimated to be >0.2 °C 
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relative to the surface temperature located at 1 m 
(Thompson 1976). In this investigation we focused on 
monthly averaged values and so have kept the mixed 
depth definition fixed through the year rather than 
adjusting it in an effort to avoid temporary features. Other 
studies (Read et al. 2011, Sadro et al. 2011, Pernica et al. 
2014) have discussed in some detail problems and 
alternative approaches for investigating mixed layer 
depths using high-frequency data.
The sum of surface fluxes, Qtot, was calculated as 
Qtot = Qsin + Qlin − Qlout − Qe − Qh, where Qsin is net 
incoming short-wave radiation (W m−2); Qlin is incoming 
long-wave radiation (W m−2); Qlout is outgoing long-wave 
radiation (W m−2); Qe is the latent heat flux (W m
−2); and 
Qh is the sensible heat flux (W m
−2). Net incoming 
short-wave radiation was estimated as Qsin = Qs (1 − αsw), 
where Qs is the short-wave radiation measured at the lake 
surface (W m−2), and αsw is the short-wave albedo, 
estimated from Fresnel’s Equation as:
 αsw = 
1 [ tan2  (Z − R) + sin2  (Z − R)],  (2)
                     
2   tan2 (Z + R)     sin2 (Z + R)
where R is the angle of refraction calculated from Snell’s 
law as:
 R = sin−1 (sin(Z)/η), (3) 
η = 1.33 is the index of refraction (Kirk 1994) and Z is the 
solar zenith angle calculated as a function of latitude (φ), 
solar declination (δ) and the hour angle (H) as:
Z = cos−1 (sin (2φπ) sin (2δπ) + cos (2φπ) cos (2δπ) cos H), (4)
                360        360            360         360
 δ = 180 (0.006918 − 0.399912 cos γ + 0.070257 sin γ  
− 0.006758 cos 2γ + 0.000907 sin 2γ − 0.002697 cos 3γ 
 + 0.00148 sin 3γ),  (5)
           
π
 γ = 2π (DOY  − 1) / 365, (6)
 H = (π / 12) (tnoon − t), (7) 
where DOY is the day of year (e.g., 10 Jan = 10), tnoon is 
the local solar noon, and t is local solar time.
Incoming long-wave radiation, Qlin, was estimated 
following Crawford and Duchon (1999), as 
 
Qlin = {clf + (1 − clf ) (1.22 + 0.06 sin [(m + 2) π] ) ( ez  ) 1/7}σTzK4,
                                                               6     TzK
where m is the numerical month (e.g., January = 1); Tzk 
is air temperature in Kelvin; ez is the vapour pressure of 
the air (hPa), estimated based on the saturation vapour 
pressure of the air (Lowe 1977); and σ = 5.67 × 10–8 
W m−2 K−4 is the Stefan-Boltzmann constant. The cloud 
cover fraction (clf ) was estimated as clf = 1 – s, where s is 
the ratio of the measured short-wave radiation (i.e., Qs) to 
the clear-sky short-wave radiation. Clear-sky short-wave 
radiation was estimated following the methods of Meyers 
and Dale (1983), as shown in detail by Crawford and 
Duchon (1999). Because this calculation is based on the 
ratio of clear-sky and measured short-wave radiation, 
however, incoming long-wave radiation cannot be 
calculated at night. In this investigation, we estimated 
night-time incoming long-wave radiation based on the 
daytime averages of the cloud cover fraction; therefore, 
the night-time incoming long-wave radiation is calculated 
as a function of air temperature, water vapour, and the 
daytime average cloud cover fraction. This adds an 
additional source of uncertainty in these estimates, but 
compared to other incoming long-wave formulae (e.g., 
Gill 1982), which are daily averages, this method has been 
shown to provide a more accurate representation of 
incoming long-wave radiation (Crawford and Duchon 
1999) and thus has been used in recent limnological 
investigations (e.g., Jakkila et al. 2009, Read et al. 2012). 
Outgoing long-wave radiation, Qlout, was estimated as 
Qlout = εwσT0K
4, where εw = 0.972 (Davies et al. 1971) is 
the emissivity of water and T0K is the surface water 
temperature in Kelvin.
Table 1. General characteristics of the 5 study lakes, shown in descending order according to their surface area. Meteorological measurement 
heights are provided for wind speed (zu), air temperature (zt), and relative humidity (zq).
Lake Area  
(km2)
Max. 
Depth  
(m)
Mean 
depth  
(m)
Annual 
mean Kd 
(m−1)
Altitude 
(m)
zu  
(m)
zt  
(m)
zq  
(m)
Windermere South Basin 6.7 42.0 16.8 0.46  39 2.65 2.45 2.45
Bassenthwaite Lake 5.3 19.0  5.3 0.70  69 2.65 2.45 2.45
Esthwaite Water 1.0 15.5  6.4 0.82  65 2.85 2.14 2.14
Loweswater 0.6 16.0  8.4 0.66 125 2.65 2.45 2.45
Blelham Tarn 0.1 14.5  6.8 0.87  41 2.65 2.45 2.45
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wind speed at a height of 10 m, u10, was also estimated 
following the methods outlined in Zeng et al. (1998), 
correcting for the stability of the atmospheric boundary 
layer and the measurement height.
PAR was estimated as 42% of the incoming short-wave 
radiation, R0 = 0.42 × Qsin, which expresses R0 in energy 
units (i.e., W m−2). The percentage of spectral energy 
confined within the visible part of the spectrum (i.e., PAR 
0.4 to 0.7 μm) was estimated by calculating the ratio of 
spectral energy within the visible range to that of the 
entire spectra, which was estimated following Gueymard 
et al. (2002). The attenuation coefficient, Kd, for the 
ultraviolet range (0.1 and 0.4 μm) was estimated using 
values in Olesen and Maberly (2001) and following 
Jellison and Melack (1993) for the infrared range (0.7 to 
2.4 μm). Wavelength bands not included in Jellison and 
Melack (1993), however, were determined by linear inter-
polation. Only a tiny percentage of ultraviolet and infrared 
radiation penetrated beneath a depth of 1.5 m (Table 2), 
which is the minimum hourly averaged, upper mixed 
layer depth calculated for these lakes. The percentage of 
short-wave radiation that penetrates beneath the upper 
mixed layer can, therefore, be approximated solely as a 
function of PAR.
The vertical attenuation coefficient, Kd, for PAR was 
calculated from depth-profiles using a cosine-corrected 
sensor (Li-Cor Li-A92SA) and compared to contempora-
The latent, Qe, and sensible, Qh, heat fluxes were calculated 
as Qe = ρzLVCezuz(q0 − qz) and Qh = ρzCpaChzuz(T0 − Tz), 
respectively, where ρz = 100p/[Ra(Tz + 273.16)] is the 
density of the air (kg m−3) at the measurement height zt 
(m), T0 is the surface water temperature (°C), p is the 
surface air pressure (hPa) calculated as a function of 
altitude, and Ra = 287(1 + 0.608qz) is the gas constant for 
moist air (J kg−1 °C−1) calculated following Verburg and 
Antenucci (2010); uz is the wind speed (m s
−1) at height zu 
(m) above the water surface; Cpa = 1005 is the specific 
heat of air at constant pressure (J kg−1 °C−1); Tz is the air 
temperature (°C) at height zt (m) above the water surface; 
Lv = 2.501 × 10
6 – 2370 × T0 is the latent heat of vaporiza-
tion (J kg −1); q0 = λesat / p is the specific humidity at 
saturation pressure (kg kg−1), where λ 
(= 0.622) is the ratio of the molecular weights for dry and 
moist air; esat is the saturated vapour pressure (hPa), 
calculated as esat = 6.11{exp[17.27T0/(237.3 + T0)]}; 
qz = λez / p is the specific humidity of the air (kg kg
−1) at 
height zq (m) above the water surface, where 
ez = Rhes/100, where Rh is the relative humidity (%); and es 
= 6.11{exp[17.27Tz/(237.3 + Tz)]} is the saturated vapour 
pressure (hPa) at zt. The transfer coefficients for latent 
(Cez) and sensible (Chz) heat were calculated following 
Zeng et al. (1998), correcting for the stability 
of the atmospheric boundary layer. Here, Cez and Chz are 
transfer coefficients for heights zq and zt, respectively. The 
Table 2. Proportion of different wavelengths to the total energy distribution at the earth’s surface calculated from Gueymard et al. (2002). 
Extinction coefficients for visible light were estimated as a function of Secchi depth and are shown in Table 1 for the individual lakes. 
Extinction coefficients for Ultraviolet and Infrared radiation were estimated following Olesen and Maberly (2001) and Jellison and Melack 
(1993), respectively. 
Wavelength % of total % of total Kd (m−1) % of total at 1.5 m
Ultraviolet 0.1 μm ≤ λ < 0.28 μm 0
6.7
— 0
0.28 μm ≤ λ < 0.315 μm 0.1 8.2 4.6 × 10−7
0.315 μm ≤ λ < 0.4 μm 6.6 4.5   8 × 10−3
Visible light 0.4 μm ≤ λ < 0.7 μm 42.0 42.0 1.75/Secchi depth -
Infrared 0.7 μm ≤ λ < 0.8 μm 11.4
49.8
1.1 2.2
0.8 μm ≤ λ < 0.825 μm 2.3 2.25 0.08
0.825 μm ≤ λ < 0.9 μm 7.2 3.4 0.04
0.9 μm ≤ λ < 0.925 μm 1.7 14.7 4.5 × 10−10
0.925 μm ≤ λ < 1 μm 4.0 26 4.6 × 10−17
1 μm ≤ λ < 1.2 μm 10.1 448  1.4 × 10−291
1.2 μm ≤ λ < 1.8 μm 12.2 870 0
1.8 μm ≤ λ < 2 μm 0.1 4335 0
2 μm ≤ λ < 2.4 μm 0.6 7800 0
> 2.4 μm 0.2 — —
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neous readings of Secchi depth. A total of 67 measure-
ments were made over a year, approximately fortnightly, 
at 3 Cumbrian lakes (Esthwaite Water, Bassenthwaite 
Lake and Derwent Water), which had contrasting optical 
properties. Secchi depth ranged between 1.5 and 7.0 m, 
which covered the range of Secchi depths measured here. 
The best fit to the data was produced using Kd = 1.75/
Secchi depth (adjusted r2 = 0.85, P < 0.001), and this 
produced an average difference between measured and 
estimated Kd of between 0.03 and 0.06 m
−1 for the 3 
lakes. Individual fits to each lake were not significantly 
better than the fit for all 3 lakes combined. Monthly 
values of Kd were subsequently calculated for all 5 lakes 
using this relationship with fortnightly Secchi depth 
measurements.
Results
While 4 of the 5 lakes are typically monomictic (Blelham 
Tarn, Esthwaite Water, Loweswater, and Windermere 
South Basin), the thermal structure of the water column 
varied greatly among the lakes (Fig. 1). For example, all 
of the lakes became thermally stratified on approximately 
DOY 80, but the breakdown of thermal stratification 
varied considerably among the lakes. Furthermore, the 
polymictic lake, Bassenthwaite Lake, experienced a 
number of transient stratification events, as shown by the 
vertical displacement of the upper mixed layer, which 
occasionally reached the maximum lake depth during 
summer (Fig. 1). The depth of the upper mixed layer 
varied considerably among the lakes. For example, during 
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Fig. 1. High-resolution (hourly) water column temperature profiles for (a) Bassenthwaite Lake; (b) Blelham Tarn; (c) Esthwaite Water; 
(d) Loweswater; and (e) Windermere South Basin. The depth of the upper mixed layer is shown by a thin black line. Note the different depth 
scales for each of the lakes. Mixed layer depth is shown here as daily averaged values.
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June the monthly averaged depth of the upper mixed layer 
varied from a minimum of 2.7 m for Blelham Tarn to a 
maximum of 5.7 m for Bassenthwaite Lake.
In 2009, using Loweswater as an example, air 
temperature had a clear and expected seasonal cycle 
(Fig. 2a), varying from, on average, <5 °C in winter to 
>15 °C in summer. Epilimnetic temperature, similar to air 
temperature, followed a typical annual pattern, being high 
in summer and low in winter (Fig. 2a). Relative humidity 
was continuously high, averaging 80% with humidity 
in summer typically lower than in winter (Fig. 2b). 
Incoming short-wave radiation was highly variable at the 
seasonal timescale (Fig. 2c). Specifically, the variability 
in incoming short-wave radiation was consistently 
<50 W m−2 during winter and consistently >200 W m−2 
during summer. Maximum daily averaged incoming 
short-wave radiation, however, was much greater, 
reaching 340 W m−2 in mid-June, corresponding to the 
summer solstice. The annually averaged wind speed 
was about 3 m s−1 with a relatively weak seasonal pattern 
(Fig. 2d). For example, daily averaged wind speeds were 
marginally lower in summer (Jun–Aug) than in winter 
(Dec–Feb). Also, maximum wind speed was higher in 
winter than in summer, and high wind speeds were less 
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Fig. 2. Daily averaged meteorological measurements for Loweswater in 2009 showing (a) air (grey dashed line) and surface water (black line) 
temperature; (b) relative humidity; (c) incoming short-wave radiation; and (d) wind speed at the lake surface.
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an annual average, incoming long-wave radiation was 
~40 W m−2 lower than the outgoing long-wave radiation 
(Fig. 3b).
As expected, due to low air temperatures in winter, 
sensible heat fluxes are negative, meaning the lake is 
warming the air (Fig. 3c). Beginning in spring and 
continuing into autumn, sensible heat fluxes transition to 
being more often positive, with the air warming the lake. 
Despite these trends, sensible heat fluxes occasionally 
changed sign. In autumn, as air temperatures dropped 
relative to the water surface, the sign changed again. 
Similar to the sensible heat flux, the latent heat flux varied 
frequent in summer. The meteorological data for the 
remaining 4 lakes were similarly variable over short and 
seasonal time scales (data not shown). 
There was a recognisable seasonal cycle among the 
majority of the heat flux components as well as the total 
surface heat flux in Loweswater. The net incoming 
short-wave radiation was highly variable (Fig. 3a), 
differing most from the measured short-wave radiation 
during winter, caused by the increase in short-wave albedo 
during these months. For example, the calculated albedo 
varied from a minimum daytime value of 0.02 in summer 
to a minimum daytime value of 0.30 in winter. As 
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Fig. 3. Daily averaged heat fluxes for Loweswater in 2009 showing (a) net incoming short-wave radiation; (b) outgoing (grey dashed line) and 
incoming (black line) long-wave radiation; (c) sensible (grey dashed line) and latent (black line) heat fluxes; and (d) total surface heat flux.
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considerably through the year, owing to the variability in 
the humidity gradient at the air–water interface. The main 
meteorological driver influencing the latent heat flux is 
specific humidity, which is a function of relative humidity. 
Therefore, because relative humidity is higher during 
winter, leading to a decrease in the humidity gradient at 
the air–water interface, the exchange of latent heat is 
much lower. Similarly, because the humidity gradient is 
higher during summer, the latent heat flux is higher. Latent 
heating is often a cooling term but can be a heating term 
during dew formation, which often occurs during the early 
morning. Of the 2 turbulent fluxes, the latent heat flux 
was the largest in Loweswater, being ~15 W m−2 larger 
on average (annual average). There was a clear seasonal 
cycle in the total surface heat flux that was predominantly 
negative (i.e., cooling) in winter and positive (i.e., heating) 
in summer (Fig. 3d). The heat flux terms calculated for the 
remaining 4 lakes were similarly variable over short and 
seasonal time scales (data not shown).
To compare surface heating patterns among the 5 
lakes, the monthly averaged values were calculated. By 
using these monthly averages, the amount of heating 
influencing the upper mixed layer was shown to be similar 
in magnitude among the lakes and followed the same 
seasonal cycle (Fig. 4a). The monthly averaged wind 
speed estimated at a height of 10 m above the lake surface, 
however, varied considerably among the 5 lakes, being 
largest for Bassenthwaite Lake and lowest for Blelham 
Tarn (Fig. 4b). Similarly, the monthly averaged depth of 
the upper mixed layer was characteristically different 
between the lakes (Fig. 4c). During the stratified period, 
lakes with higher wind speeds had deeper mixed layers.
With their weak stratification in winter and their 
stronger stratification in summer, we anticipated that the 
effects of heating and cooling would be distributed over 
deeper depths in winter and shallower depths in summer, 
causing a larger range of diel temperature variability in 
summer. We further expected that this effect would be 
reinforced by the greater heating in summer. Calculated 
diel temperature ranges were in agreement with our 
expectations, with a minimum diel range of 0.08 °C in 
January and a maximum diel range of 1.6 °C in June 
(Fig. 5a). This effect was further moderated by lake size. 
For example, in comparison to Blelham Tarn, the smallest 
lake in the study, the other lakes had reduced diel 
temperature cycles (Fig. 5b). The magnitude of the 
monthly averaged diel temperature ranges in Windermere 
South Basin, for example, varied by just over half of that 
in Blelham Tarn. Although the monthly averaged diel 
cycle was always <2 °C, diel cycles on individual days 
could be substantially larger than this. The greatest 
observed diel temperature range was 5.1 °C for Blelham 
Tarn and 2.3 °C for Windermere South Basin, with the 
maximum diel temperature range for the remaining lakes 
falling between these values (Fig. 5c).
For 6 months of the year, there was a statistically 
significant correlation between the variation in diel 
temperature range and the variation in u10 among all of the 
lakes (Fig. 6), including the majority of the summer 
months. The strength of this monthly correlation can be 
summarised for the year to illustrate the difference 
between the stratified and nonstratified periods (Fig. 7a). 
Unlike the statistical relationship observed between the 
variations in diel temperature range and u10, the relation-
ship between variations in air temperature (Fig. 7b), 
relative humidity (Fig. 7c), and incoming short-wave 
radiation (Fig. 7d) with the variations in diel temperature 
range were nonsignificant for each month of the year. 
Similarly, the relationship between the diel temperature 
range and sensible, latent, and net long-wave heat fluxes 
Fig. 4. Monthly averaged (a) heat flux influencing the upper mixed layer; (b) wind speed estimated at a height of 10 m above the lake surface; 
and (c) depth of the upper mixed layer for the stratified (filled markers) and nonstratified (unfilled markers) periods for Blelham Tarn (red), 
Loweswater (green), Esthwaite Water (blue), Bassenthwaite Lake (black), and Windermere South Basin (orange), ordered here according to 
their surface area. 
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illustrating that the difference in Qzmix or Qtot among the 
lakes did not significantly influence the difference in diel 
temperature range among the lakes. The suggestion for 
these lakes is, therefore, that the between-lake differences 
in zmix are determined by the different magnitudes of wind 
speed over the lakes, with deeper mixed layers occurring 
where wind speeds are greater.
The difference in lake surface area was significantly 
correlated with the difference in zmix among the lakes 
during the summer months (Fig. 12a), whereas Kd was 
only significantly correlated with zmix from May through 
August (Fig. 12b). Lake surface area was also strongly 
correlated with u10 for most of the year (Fig. 13a). Because 
Kd depends on concentrations of phytoplankton, seston, 
suspended sediments, and chromophoric dissolved organic 
matter, a correlation is not expected with wind speed 
in moderately deep lakes such as these (Fig. 13b). 
By averaging the diel temperature cycle for the entire 
stratified period, a near-linear relationship (r2 = 0.91, 
P = 0.03) between zmix and the diel range was evident 
(Fig. 14). 
Discussion
This investigation demonstrates that, for 5 lakes in the 
English Lake District, the diel range in epilimnetic 
temperature is significantly influenced by the depth of the 
upper mixed layer. The thickness of the upper mixed layer 
indicates the amount of water and heat that directly 
interacts with the atmosphere. Thus, for lakes with 
shallower mixed layers, atmospheric heating is concen-
trated over a smaller volume of water, resulting in a larger 
temperature range than that experienced by lakes with 
deeper mixed layers. The thermal responses of a lake to 
atmospheric forcing will vary depending on a number of 
(Fig. 8a‒8c), as well as the sum of the typical cooling 
terms, sensible, latent, and outgoing long-wave radiation 
(Fig. 8d), were all usually nonsignificant. Similarly, there 
was little correlation between the variations in diel 
temperature range and either Qzmix (Fig. 8e) or Qtot 
(Fig. 8f). 
For 8 months of the year, there was a statistically 
significant correlation between the variations in diel 
temperature range and zmix among all of the lakes (Fig. 9a), 
including all months from May through October. 
Similarly, there was a strong correlation between the 
differences in lake surface area and the diel temperature 
range in the summer (Fig. 9b), while there was some 
evidence of correlation between diel range and Kd for a 
few months of the year (Fig. 9c).
As expected, due to the strong correlation between the 
differences in u10 and the diel temperature range and 
between zmix and the diel range, there was also a significant 
correlation between u10 and zmix during summer but not in 
winter, when zmix is equivalent to maximum lake depth 
(Fig. 10a). The remaining 3 meteorological variables 
considered here, air temperature (Fig. 10b), relative 
humidity (Fig. 10c), and incoming short-wave radiation 
(Fig. 10d), did not demonstrate a statistically significant 
relationship with zmix. Similarly, the correlations between 
zmix and the individual heat flux terms (Fig. 11a–c) were 
nonsignificant for most months. Furthermore, the 
differences in the sum of the cooling heat fluxes among 
the lakes demonstrated a nonsignificant relationship with 
the difference in zmix for most months (Fig. 11d), thus 
identifying that the difference in heating and cooling 
among the lakes did not significantly contribute to the 
differences in zmix among the lakes. The correlations 
between the differences in Qzmix and Qtot with zmix were also 
generally nonsignificant during the stratified period, again 
Fig. 5. Monthly averaged (a) diel temperature range; (b) ratio of the monthly averaged diel temperature range of each lake to that of Blelham 
Tarn; and (c) maximum diel temperature range for each month for Blelham Tarn (red), Loweswater (green), Esthwaite Water (blue), Bas-
senthwaite Lake (black), and Windermere South Basin (orange), ordered here according to their surface area. Note the change in the y-axis 
between the panels.
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lake specific features, such as lake size and water clarity 
(e.g., Mazumder and Taylor 1994, Fee et al. 1996). Thus, 
the thermal characteristics of lakes within the same 
geographic region may behave differently even though 
they are exposed to broadly the same climate. 
The light penetration and consequent initial heating 
depends on Kd, which is similar for all 5 lakes studied 
here. Thus, the downward penetration of short-wave 
radiation was similar, and the differences in thermal 
structure between the lakes resulted from the extent that 
heat was mixed downward by wind and or cooling. For 
example, heat was mixed deeper in Windermere South 
Basin than in Blelham Tarn (Fig. 1b, 1e). In the 5 lakes 
investigated here, the main driver of mixing depth was 
wind speed. Wind blowing over a lake generates a layer of 
shear near the surface and energizes the internal wave 
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
January
D
ie
l t
em
pe
ra
tu
re
ra
n
ge
 (o
C)
y = 0.036x + 0.13
r
2
 = 0.42
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
February
y = −0.015x + 0.31
r
2
 = 0.11
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
March
y = −0.107x + 0.7
r
2
 = 0.84
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
April
D
ie
l t
em
pe
ra
tu
re
ra
n
ge
 (o
C)
y = −0.162x + 1.19
r
2
 = 0.91*
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
May
y = −0.181x + 1.42
r
2
 = 0.95**
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
June
y = −0.422x + 2.27
r
2
 = 0.89*
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
July
D
ie
l t
em
pe
ra
tu
re
ra
n
ge
 (o
C)
y = −0.248x + 1.47
r
2
 = 0.89*
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
August
y = −0.169x + 1.09
r
2
 = 0.84
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
September
y = −0.297x + 1.21
r
2
 = 0.98***
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
October
D
ie
l t
em
pe
ra
tu
re
ra
n
ge
 (o
C)
u10 (m s
−1)
y = −0.107x + 0.55
r
2
 = 0.86*
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
November
u10 (m s
−1)
y = −0.013x + 0.25
r
2
 = 0.29
0 1.5 3 4.5 6
0
0.5
1
1.5
2
2.5
December
u10 (m s
−1)
y = −0.05x + 0.37
r
2
 = 0.47
Fig. 6. Scatter plots of the relationship between the observed monthly averaged diel temperature range and wind speed estimated at a height of 
10 m above the lake surface, for Blelham Tarn (red), Loweswater (green), Esthwaite Water (blue), Bassenthwaite Lake (black), and 
Windermere South Basin (orange). The correlation between the observed diel temperature range and the depth of the upper mixed layer is 
shown and the statistical significance is denoted by *** for p < 0.001, ** for p < 0.01, and * for p < 0.05.
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field within the more stratified waters below. The shear in 
the upper layers directly causes mixing near the surface, 
and in the more strongly stratified regions, the internal 
wave motions cause shear and turbulence as a function of 
the degree of thermocline tilting (Imberger and Patterson 
1990). The internal wave induced shear at the base of the 
mixed layer contributes to deepening of the mixed layer. 
Depending on wind, stratification, morphometry, and 
resulting turbulence, the heat is either trapped in shallow 
mixed layers or mixed downward (MacIntyre et al. 2009). 
For lakes with the same density difference across the 
thermocline and for the same wind speed, a larger fetch 
will induce greater thermocline tilting and greater shear-
induced mixing (Imberger and Patterson 1990). This effect 
can be accentuated in larger lakes by the acceleration of 
wind over water. Surface area and fetch thus affect the 
transfer of momentum and energy at a lake surface into 
deeper water and the resulting mixed layer depth (Gorham 
and Boyce 1989). A number of early investigations have 
showed that mixed layer depth is related to lake surface 
area or fetch (Fee et al. 1996, table 11-2 in Kalff 2002). 
For the lakes studied here, the relationship between wind 
Fig. 7. Monthly averaged comparisons of the coefficient of determi-
nation for the stratified (filled circles) and nonstratified (unfilled 
circles) periods between the diel temperature range and (a) wind 
speed estimated at a height of 10 m above the lake surface; (b) air 
temperature; (c) relative humidity; and (d) incoming short-wave 
radiation. The thick solid line illustrates the correlations that are 
statistically significant (p < 0.05). 
Fig. 8. Monthly averaged comparisons of the coefficient of determination for the stratified (filled circles) and nonstratified (unfilled circles) 
periods between the diel temperature range and (a) latent heat flux; (b) sensible heat flux; (c) net long-wave radiation; (d) sum of the cooling 
heat flux terms (i.e., latent heat, sensible heat, and outgoing long-wave radiation); (e) heat flux influencing the upper mixed layer; and (f) total 
surface heat flux. The thick solid line illustrates the correlations that are statistically significant (p < 0.05). 
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speed and lake area is complicated by the surrounding 
topography. Higher than expected wind speeds, for 
example, were measured in Loweswater because the lake 
is located at the end of a valley, which ultimately leads to 
increasing wind speed. This increase in wind speed, 
however, matched the variation in mixing depth. For the 
5 lakes, zmix is highly related to u10 during summer. 
Wind mixing is not the only factor that may influence 
mixed layer depth. The depth of the upper mixed layer is 
largely regulated by the balance between heating, which 
enhances stratification, and turbulence, which destabilises 
the water column and deepens the surface mixed layer. 
Heating and cooling processes could affect the diel 
temperature cycle in 2 ways: by affecting the depth of the 
mixed layer and hence the volume of water being heated, 
and by the actual heating and cooling of the water. It has 
also been shown that the ratio of turbulent convection 
through cooling to that through wind mixing is dependent 
on lake size (Read et al. 2012). Lake size could, therefore, 
influence the diel temperature cycle through changes in 
heating and cooling. In the lakes studied 
here, however, there was only weak evidence for the size-
mediated differences in heating to be driving differences 
in diel cycles (Fig. 8), presumably because there was no 
consistent relationship between net heating and surface 
area for these lakes. Nevertheless, this mechanism is 
worth further investigation in lakes exhibiting a wider and 
more persistent disparity in heating terms.
Most heating and cooling takes place at the surface of 
a lake, with the exception of solar heating, part of which 
takes place within the water column. One key variable 
influencing the absorption of solar radiation is therefore 
water clarity, and a number of investigators have 
examined its effect on the thermal structure of lakes (e.g., 
Hutchinson 1957, Fee et al. 1996, Read and Rose 2013). 
Water clarity, included here in terms of the light 
attenuation coefficient, Kd, is particularly interesting from 
a biological viewpoint because it can be influenced by the 
number and kinds of planktonic organisms and therefore 
allows biological feedback on the thermal structure of the 
water column (Mazumder et al. 1990, Jones et al. 2005). 
Most studies have concluded that an increase in light 
penetration, associated with an increase in water clarity, 
is associated with an increase in mixing depth (e.g., 
Mazumder and Taylor 1994, Fee et al. 1996). For the lakes 
studied here, however, Kd occupied a relatively small 
range and was consequently not significantly correlated 
Fig. 9. Monthly averaged comparisons of the coefficient of determination for the stratified (filled circles) and nonstratified (unfilled circles) 
periods between the diel temperature range and (a) the depth of the upper mixed layer; (b) lake surface area; and (c) the vertical attenuation 
coefficient for photsynthetically active radiation. The thick solid line illustrates the correlations that are statistically significant (p < 0.05). 
Fig. 10. Monthly averaged comparisons of the coefficient of deter-
mination for the stratified (filled circles) and nonstratified (unfilled 
circles) periods between the depth of the upper mixed layer and (a) 
wind speed estimated at a height of 10 m above the lake surface; (b) 
air temperature; (c) relative humidity; and (d) incoming short-wave 
radiation. The thick solid line illustrates the correlations that are 
statistically significant (p < 0.05). 
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Fig. 11. Monthly averaged comparisons of the coefficient of determination for the stratified (filled circles) and nonstratified (unfilled circles) 
periods between the depth of the upper mixed layer and (a) latent heat flux; (b) sensible heat flux; (c) net long-wave radiation; (d) sum of the 
cooling heat flux terms (i.e., latent heat, sensible heat, and outgoing long-wave radiation); (e) heat flux influencing the upper mixed layer; and 
(f) total surface heat flux. The thick solid line illustrates the correlations that are statistically significant (p < 0.05). 
Fig. 12. Monthly averaged comparisons of the coefficient of deter-
mination for the stratified (filled circles) and nonstratified (unfilled 
circles) periods between the depth of the upper mixed layer and (a) 
lake surface area; and (b) the vertical attenuation coefficient for 
photsynthetically active radiation. The thick solid line illustrates the 
correlations that are statistically significant (p < 0.05). 
Fig. 13. Monthly averaged comparisons of the coefficient of deter-
mination for the stratified (filled circles) and nonstratified (unfilled 
circles) periods between the wind speed estimated at a height of 10 
m above the lake surface and (a) lake surface area; and (b) the 
vertical attenuation coefficient for photsynthetically active radiation. 
The thick solid line illustrates the correlations that are statistically 
significant (p < 0.05).
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with mixing depth throughout most of the year. For a 
wider range of lake sizes and water clarities than studied 
here, Kd may well be expected to contribute more to the 
diel temperature range. 
Here we illustrated that the diel range in epilimnetic 
temperature during summer is larger in lakes with smaller 
mixed layers. Temperature has a pervasive effect on lakes, 
and the significant variability in diel range noted here has 
implications for many processes that affect biogeochemi-
cal cycling in lakes. These processes include the solubility 
of gases, the rates and equilibrium positions of chemical 
reactions (Stumm and Morgan 2013), and rates of 
metabolic processes (Brown et al. 2004, Yvon-Durocher 
et al. 2012) and growth (Butterwick et al. 2005). Our 
study was conducted in a relatively small geographic 
region in lakes with a minimum and maximum surface 
area of 0.1 and 6.7 km2, respectively. Differences in diel 
variability in epilimnetic temperature occurred within our 
lakes primarily due to the different wind speed across the 
different lakes causing differences in upper mixed layer 
depth. We anticipate that the influence of lake specific 
features such as lake size or water clarity will enable 
greater variability in epilimnetic temperature at diel 
timescales, with the range enhanced in smaller lakes. 
Acknowledgements
This project was funded by a University College London 
impact award with OTT Hydrometry Ltd awarded to 
R. Iestyn Woolway. This work is part of the Natural 
Environment Research Council (NERC) Sensor Network 
project United Kingdom Lake Ecological Observatory 
Network (UKLEON; NE/I007407/1). The data from 
Loweswater were obtained under a Rural Economy and 
Land Use grant (RES-229-25-0008). This work benefited 
from participation in the Global Lake Ecological 
Observatory Network (GLEON) funded by the US 
National Science Foundation. We thank Sally MacIntyre 
for her helpful comments on an earlier draft of the 
manuscript.
References 
Benson BJ, Lenters JD, Magnuson JJ, Stubbs M, Kratz TK, Dillon PJ, 
Hecky RE, Lathrop RC. 2000. Regional coherence of climatic and 
lake thermal variables of four lake districts in the Upper Great Lakes 
region of North America. Freshwater Biol. 43:517–527.
Brown JH, Gillooly JF, Allen AP, Savage VM, West GB. 2004. Toward 
a metabolic theory of ecology. Ecology 85:1771–1789.
Butterwick C, Heaney SI, Talling JF. 2005. Diversity in the influence of 
temperature on the growth rates of freshwater algae, and its 
ecological relevance. Freshwater Biol. 50:291–300.
Christie GC, Regier HA. 1988. Measures of optimal thermal habitat 
and their relationship to yields for four commercial fish species. Can 
J Fish Aquat Sci. 45:301–314.
Coloso JJ, Cole JJ, Pace ML. 2011. Short-term variation in thermal 
stratification complicates estimation of lake metabolism. Aquat Sci. 
73:305–315.
Cox DK, Coutant CC. 1981. Growth dynamics of juvenile striped bass 
as functions of temperature and ration. T Am Fish Soc. 110:226–238.
Crawford TM, Duchon CE. 1999. An improved parameterization for 
estimating effective atmospheric emissivity for use in calculating 
daytime downwelling longwave radiation. J Appl Meteorol. 
38:474–480.
Davies JA, Robinson PJ, Nunez M. 1971. Field determinations of 
surface emissivity and temperature for Lake Ontario. J Appl 
Meteorol. 10:811–819.
Edmundson JA, Mazumder A. 2002. Regional and hierarchical per-
spectives of thermal regimes in subarctic, Alaskan lakes. Freshwater 
Biol. 47:1–17.
Elliott JA, Irish A, Reynolds C. 2010. Modelling phytoplankton 
dynamics in freshwaters: affirmation of the PROTECH approach to 
simulation. Freshwater Rev. 3:75–96.
Fee EJ, Hecky RE, Kasian SEM, Cruikshank DR. 1996. Effects of lake 
size, water clarity, and climatic variability on mixing depths in 
Canadian Shield Lakes. Limnol Oceanogr. 41:912–920.
Fig. 14. Relationship between the average diel temperature range 
and the average depth of the upper mixed layer during the stratified 
period. The different colours represent Blelham Tarn (red), 
Loweswater (green), Esthwaite Water (blue), Bassenthwaite Lake 
(black), and Windermere South Basin (orange).
DOI: 10.5268/IW-5.2.748
153A comparison of the diel variability in epilimnetic temperature for five lakes in the English Lake District
Inland Waters (2015) 5, pp. 139-154 
Finlay KP, Cyr H, Shuter BJ. 2001. Spatial and temporal variability in 
water temperatures in the littoral zone of a multibasin lake. Can J 
Fish Aquat Sci. 58:609–619. 
France R. 1997. Land-water linkages: influences of riparian deforesta-
tion on lake thermocline depth and possible consequences for cold 
stenotherms. Can J Fish Aquat Sci. 54:1299–1305.
Frempong E. 1983. Diel aspects of the thermal structure and energy 
budget of a small English lake. Freshwater Biol. 13:89–102. 
George DG, Talling JF, Rigg E. 2000. Factors influencing the temporal 
coherence of five lakes in the English Lake District. Freshwater Biol. 
43:449–461.
Gill AE. 1982. Atmosphere-ocean dynamics. International Geophysics 
Series, 30. Academic Press.
Gorham E, Boyce FM. 1989. Influence of lake surface area and depth 
upon thermal stratification and the depth of the summer thermocline. 
J Great Lakes Res. 15:233–245. 
Gueymard CA, Myers D, Emery K. 2002. Proposed reference 
irradiance for solar energy systems testing. Sol Energy. 73:443–467.
Hutchinson GE. 1957. A treatise on limnology, Volume 1. John Wiley 
& Sons. 540 p.
Imberger J. 1985. The diurnal mixed layer. Limnol Oceanogr. 
30:737–770.
Imberger J, Patterson J. 1990. Physical limnology. Adv Appl Mech. 
27:303–475.
Jakkila J, Lepparanta M, Kawamura T, Shirasawa K, Salonen K. 2009. 
Radiation transfer and heat budget during the ice season in Lake 
Pääjärvi, Finland. Aquat. Ecol. 43:681–692.
Jellison R, Melack JM. 1993. Meromixis in hypersaline Mono Lake, 
California. 1. Stratification and vertical mixing during the onset, 
persistence, and breakdown of meromixis. Limnol Oceanogr. 
38:1008–1019.
Jones I, George G, Reynolds C. 2005. Quantifying the effects of phyto-
plankton on the heat budgets of two large limnetic enclosures. 
Freshwater Biol. 50:1239–1247.
Jones PD, Osborn TJ, Briffa KR. 1997. Estimating sampling errors in 
large-scale temperature averages. J Climate. 10:2548–2568. 
Kalff J. 2002. Limnology: Inland Water Ecosystems. Prentice Hall.
Kettle H, Thompson R, Anderson NJ, Livingstone DM. 2004. 
Empirical modeling of summer lake surface temperatures in 
southwest Greenland. Limnol Oceanogr. 49:271–282.
Kirk JTO. 1994. Light and photosynthesis in aquatic ecosystems, 2nd ed. 
Cambridge University Press. 528 p.
Kumar A. 2003. Aquatic Ecosystems. A.P.H. Publishing Corporation. 
Livingstone D, Adrian R, Arvola L, Blenckner T, Dokulil M, Hari R, 
George G, Janowski T, Järvinen M, Jennings E, et al. 2010. Regional 
and supra-regional coherence in limnological variables, In: G. 
George, editor. The impact of climate change on European lakes, 
aquatic ecology series, Vol. 4. Springer Netherlands. p. 311–337.
Livingstone DM, Dokulil MT. 2001. Eighty years of spatially coherent 
Austrian lake surface temperatures and their relationship to regional 
air temperature and the North Atlantic Oscillation. Limnol Oceanogr. 
46:1220–1227.
Livingstone DM, Kernan M. 2009. Regional coherence and geographi-
cal variability in the surface water temperatures of Scottish Highland 
lochs. Adv Limnol. 62:367–378.
Livingstone DM, Lotter AF. 1998. The relationship between air and 
water temperatures in lakes of the Swiss Plateau: a case study with 
paleolimnological implications. J Paleolimnol. 19:181–198.
Livingstone DM, Lotter AF, Kettle H. 2005. Altitude-dependent 
differences in the primary physical response of mountain lakes to 
climate forcing. Limnol Oceanogr. 50:1313–1325.
Lowe PR. 1977. An approximating polynomial for the computation of 
saturation vapour pressure. J Appl Meteorol. 16:100–103.
Maberly SC. 1996. Diel, episodic and seasonal changes in pH and con-
centrations of inorganic carbon in a productive lake. Freshwater Biol. 
35:579–598.
MacIntyre S, Fram JP, Kushner PJ, Bettez ND, O’Brien WJ, Hobbie 
JE, Kling GW. 2009. Climate-related variations in mixing dynamics 
in an Alaskan arctic lake. Limnol Oceanogr. 54:2401–2417.
Mackay EB, Jones ID, Folkard AM, Barker P. 2012. Contribution 
of sediment focussing to heterogeneity of organic carbon and 
phosphorus burial in small lakes. Freshwater Biol. 57:290–304.
Magnuson JJ, Crowder LB, Medvick PA. 1979. Temperature as an 
ecological resource. Am Zool. 19:331–343.
Mazumder A, Taylor WD, McQueen DJ, Lean DRS. 1990. Effects of 
fish and plankton on lake temperature and mixing depth. Science. 
247:312–315.
Mazumder A, Taylor WD. 1994. Thermal structure of lakes varying in 
size and water clarity. Limnol Oceanogr. 39:968–976. 
McCombie AM. 1959. Some relations between air temperatures and 
the surface water temperatures of lakes. Limnol Oceanogr. 
4:252–258.
Meyers TP, Dale RF. 1983. Predicting daily insolation with hourly 
cloud height and coverage. J Clim Appl Meteorol. 22:537–545.
Mortimer CH. 1952. Water movements in lakes during summer stratifi-
cation: evidence from distribution of temperature in Windermere. 
Philos T Roy Soc B. 236:355–398.
Olesen B, Maberly SC. 2001. The effect of high levels of visible and 
ultra-violet radiation on the photosynthesis of phytoplankton from a 
freshwater lake. Arch Hydrobiol. 151:301–315. 
Pernica P, Wells MG, MacIntyre S. 2014. Persistent weak thermal strati-
fication inhibits mixing in the epilimnion of north-temperate Lake 
Opeongo, Canada. Aquat Sci. 76:187–201.
Porter JH, Nagy E, Kratz TK, Hanson P, Collins SL, Arzberger P. 2009. 
New eyes on the world: advanced sensors for ecology. BioScience. 
59:385–397.
Ramsbottom AE. 1976. Depth charts of the Cumbrian lakes. Freshwater 
Biological Association. 
Read JS, Hamilton DP, Jones ID, Muraoka K, Winslow LA, Kroiss R, 
Wu CH, Gaiser E. 2011. Derivation of lake mixing and stratification 
indices from high-resolution lake buoy data. Environ Modell Softw. 
26:1325–1336.
Read JS, Hamilton DP, Desai AR, Rose KC, MacIntyre S, Lenters JD, 
Smyth RL, Hanson PC, Cole JJ, Staehr PA, et al. 2012. Lake-size 
154
DOI: 10.5268/IW-5.2.748
R. Iestyn Woolway et al.
© International Society of Limnology 2015
dependency of wind shear and convection as controls on gas 
exchange. Geophys Res Lett. 39 (9). doi: 10.1029/2012GL051886
Read JS, Rose KC. 2013. Physical responses of small temperate lakes 
to variation in dissolved organic carbon concentrations. Limnol 
Oceanogr. 58:921–931.
Reynolds CS. 1984. Phytoplankton periodicity: the interactions of form, 
function and environmental variability. Freshwater Biol. 14:111–142.
Rooney GG, Jones ID. 2010. Coupling the 1-D lake model FLake to 
the community land-surface model JULES. Boreal Environ Res. 
15:501–512. 
Sadro S, Melack JM, MacIntyre S. 2011. Depth-integrated estimates of 
ecosystem metabolism in a high-elevation lake (Emerald Lake, 
Sierra Nevada, California). Limnol Oceanogr. 56:1764–1780. 
Spigel RH, Imberger J, Rayner KN. 1986. Modeling the diurnal mixed 
layer. Limnol Oceanogr. 31:533–556. 
Staehr PA, Bade D, Van de Bogert MC, Koch GR, Williamson C, 
Hanson P, Cole JJ, Kratz T. 2010. Lake metabolism and the diel 
oxygen technique: state of the science. Limnol Oceanogr Methods. 
8:628–644. 
Staehr PA, Sand-Jensen K. 2006. Seasonal changes in temperature and 
nutrient control of photosynthesis, respiration and growth of natural 
phytoplankton communities. Freshwater Biol. 51:249–262.
Strong C, Maberly SC. 2011. The influence of atmospheric wave 
dynamics on the surface temperature of lakes in the English Lake 
District. Glob Change Biol. 17:2013–2022.
Strub PT, Powell TM. 1986. Wind-driven surface transport in stratified 
closed basins: direct versus residual calculations. J Geophys Res. 
91:8497–8508.
Stumm W, Morgan J. 2013. Aquatic chemistry: chemical equilibria and 
rates in natural waters. Environmental science and technology: a 
Wiley-Interscience series of texts and monographs. Wiley. 
Talling JF. 1999. Some English Lakes as diverse and active ecosystems: 
a factual summary and source book. Freshwater Biological 
Association. 80 p.
Talling JF. 2012. Temperature increase – an uncertain stimulant of algal 
growth and primary production in fresh waters. Freshwater Rev. 
5:73–84.
Thompson RORY. 1976. Climatological numerical models of the 
surface mixed layer of the ocean. J Phys Oceanogr. 6:496–503.
Verburg P, Antenucci JP. 2010. Persistent unstable atmospheric 
boundary enhances sensible and latent heat loss in a tropical great 
lake: Lake Tanganyika. J Geophys Res. 115 (D11). doi: 
10.1029/2009JD012839
Winder M, Cloern JE. 2010. The annual cycles of phytoplankton 
biomass. Philos T Roy Soc B. 365:3215–3226.
Woolway RI, Maberly SC, Jones ID, Feuchtmayr H. 2014. A novel 
method for estimating the onset of thermal stratification in lakes from 
surface water measurements. Water Resour Res. 50:5131–5140.
Yvon-Durocher G, Caffrey JM, Cescatti A, Dossena M, del Giorgio P, 
Gasol JM, Montoya JM, Pumpanen J, Staehr PA, Trimmer M, 
Woodward G, Allen AP. 2012. Reconciling the temperature 
dependence of respiration across timescales and ecosystem types. 
Nature. 487:472–476.
Zeng X, Zhao M, Dickinson RE. 1998. Intercomparison of bulk 
aerodynamic algorithms for the computation of sea surface fluxes 
using TOGA COARE and TAO data. J Climate. 11:2628–2644.
 
